http://orcid.org/0000-9 0001-9977-550 . Abstract 20 Non-native, early-successional plants have been observed to maintain dominance for decades, 21 particularly in semi-arid systems. Here, two approaches were used to detect potentially slow 22 successional patterns in an invaded semi-arid system: chronosequence and direct observation. 23 Plant communities in 25 shrub-steppe sites that represented a 50-year chronosequence of 39 40 native restoration; non-native; ex-arable; shrub-steppe; succession. 42 43 Nomenclature: Hitchcock and Cronquist (1973) for plants. 44 45 46 R 2 = 0.95 to 0.98; Kulmatiski 2006). 131 132 Management and wildfire history 133 In 2003 and 2004, the biocontrol agent Larinus minutus (Gyllenahal) was released to control the 134 dominant non-native, Centaurea diffusa Lam. Between 2005 and 2013, 12 of the ex-arable fields 135
2 24 agricultural abandonment were monitored for 13 years. Each site contained a field abandoned 25 from agriculture (ex-arable) and an adjacent never-tilled field. Ex-arable fields were dominated 26 by short-lived, non-native plants. These 'weedy' communities had lower species richness, 27 diversity and ground cover, and greater annual and forb cover than communities in never-tilled 28 fields. Never-tilled fields were dominated by long-lived native plants. Across the chronosquence, 29 plant community composition remained unchanged in both ex-arable and never-tilled fields. In 30 contrast, 13 years of direct observation detected directional changes in plant community 31 composition in both field types. Despite changes in community composition in both field types 32 during direct observation, there was little evidence that native plants were invading ex-arable 33 fields or that non-native plants were invading never-tilled fields. The more-controlled, direct 34 observation approach was more sensitive to changes in community composition, but the 35 chronosequence approach suggested that these changes are unlikely to manifest over longer time 36 periods, at least in part because of disturbances in the system. Results highlight the long-term 37 consequences of soil disturbance and the difficulty of restoring native perennials in disturbed 38 semi-arid systems.
Introduction 47 Over the past century, early-successional, non-native plants have invaded disturbed areas around 48 the world (Richardson 2011; Jauni et al. 2015) . Traditional ecological theory suggests that 49 without continued disturbances late-successional species will gradually replace these invaders 50 (Elton 1958; MacDougall & Turkington 2005; Myers & Harms 2009 ). Yet, in some, particularly 51 semi-arid areas, early-successional, non-native species persist for decades or longer (Stylinski & 52 Allen 1999; Courtois et al. 2004; Tognetti et al. 2010; Kachergis et al. 2014; Gill et al. 2018) . 53 Distinguishing whether early-successional, non-natives follow successional patterns or if they 54 create alternate-state plant communities has important theoretical and management implications 55 (Briske et al. 2005; Cramer et al. 2008; Murcia et al. 2014; Alsted et al. 2016) . Where native 56 perennial species re-establish in years or decades, management efforts may delay restoration 57 (Rinella et al. 2009 ). Where alternate-state communities develop or where succession occurs at 58 very slow rates (i.e., centuries), intensive management approaches are likely needed (Cramer et 59 al. 2008) . 60 Assessments of long-term patterns of plant community composition are important for 61 understanding how plant communities respond to disturbance and determining appropriate 62 management approaches (Strayer 2012; Flory & D'Antonio 2015) . The data needed to assess 63 long-term community dynamics in semi-arid systems, however, is often lacking (Tognetti et al. 64 2010; Yelenik & D'Antonio 2013; Kachergis et al. 2014; Morris et al. 2014 ). Space-for-time 65 substitutions (or chronosequences) can be used to infer species replacements over long periods. 66 Chronosequence data, however, are susceptible to hidden temporal or spatial variations in factors 67 such as climate, grazing, priority effects, and soil type (Foster & Tilman 2000; Bonet & Pausas 68 2004; Walker et al. 2010; Gill et al. 2018) . Direct long-term observations of plant community 4 69 dynamics can control for these extrinsic factors and provide a better test of community resistance 70 and resilience to changes in species composition but are more difficult to collect (Blossey 1999) . 71 Kulmatiski (2006) used a chronosequence approach to describe plant community 72 dynamics in a sage-steppe ecosystem in Washington, USA. Results suggested that non-native 73 and native plants established alternate-state communities in ex-arable fields and never-tilled 74 fields, respectively. It was suggested that disturbance associated with agriculture allowed early-75 successional, non-native plants to establish, but that once established, these species changed soil 76 conditions in ways that allowed their own persistence (i.e., positive plant-soil feedbacks; 77 Kulmatiski 2006) . To provide a more controlled test of how vegetation dynamics change over 78 time, in the present study the same fields in that chronosequence were monitored for an 79 additional 10 years to produce 13-year dataset of direct observation (Fukami & Wardle 2005) . 80 Direct observation allows an assessment of how the community in each individual field changes 81 over time. Direct observation also allows an assessment of the effects of several extrinsic factors 82 that were not possible to address during the previous study. During the course of this study, 83 roughly half of the ex-arable fields were managed (i.e., tilled, herbicided and seeded) to increase 84 native plant growth, most of the fields were burned in a wildfire in the penultimate year of 85 surveying, and across all sites a biocontrol agent nearly eliminated the dominant non-native 86 plant, Centaurea diffusa Lam. 87 We had three objectives in this study. First, we describe community differences in ex- Unless otherwise noted species naming follows that of Hitchcock and Cronquist (1973) . 107 Aerial photographs were used to identify 25 study sites with fields that had been 108 abandoned from low-input, dryland agriculture (Triticum aestivum and Medicago sativa) 109 between 1950 and 1999 and that had adjacent undisturbed fields with similar slope, aspect and 110 soils (S1 Table) . Henceforth, these field types are referred to as 'ex-arable' and 'never-tilled', harrow at two to four different times over two growing seasons (e.g., spring and fall) prior to a 138 native plant seeding, typically in the fall. In the penultimate year of the study (August 2014), 139 most (15 of the 25) of the sites burned in a wildfire (Appendix Table 1 To further address the first objective, we provide a more detailed analysis of differences 150 in community composition between ex-arable fields and never-tilled fields, and between distance 151 transects (5 and 50 m), using generalized linear mixed models (GLIMM) with a two-way 152 factorial (field type by distance) in a split-plot design with whole plots (fields) in blocks (sites) 153 and the following response variables: native, non-native, grass, forb, annual and perennial. 154 To address the second objective, to assess community composition change over time 13 annual repeated measures on a field was modeled using a first-order autoregressive structure. 168 We also fitted a model that allowed for random slopes among field regressions; there was no 169 statistical support for random slopes so we present results for the model with only random 192 Differences in plant functional group composition between ex-arable and never-tilled 193 fields helped explain community-level differences indicated by NMS (Fig 2; Table 1 ). natives, annuals and forbs were more abundant in ex-arable than never-tilled fields (Fig 2; Table   195 1). There was no difference in grass abundance between ex-arable and never-tilled fields. = 0.007), but not for never-tilled fields (F 1,78 = 0.00, P = 1.00). There was no effect of time for 202 the chronosequence data (i.e., between-plot slope) for ex-arable (F 1,22 = -1.28, P= 0.213) or 203 never-tilled fields (F 1,22 = -0.65, P = 0.520; Fig 3) . Fig 4) . However, in never-tilled fields, NMS axis 1 240 values were smaller after wildfire indicating that these fields became more like ex-arable fields 241 (T 23 = 3.90, P < 0.001, Fig 4) . Further, there was no evidence of directional changes in community composition across the 252 chronosequence. In summary, the more-controlled, direct observation approach detected changes 253 in community composition over 13 years, but the chronosequence approach suggests that these 254 changes are unlikely to be realized over longer time periods. 255 Communities in ex-arable and never-tilled fields are distinct (Fig 1) . In ex-arable fields, 256 the five most abundant species are non-native, typically live a maximum of 1 to 10 years 257 (Rumbaugh 1982) and demonstrate wide fluctuations in percent cover from year to year (Fig 1   258 and S2 Fig) . These 'weedy' communities have fewer species, less perennial cover, and more 259 annual and forb cover than communities in never-tilled fields. In contrast, the five most abundant 260 species in never-tilled fields are native, often live more than 10 years (Rumbaugh 1982) There are several reasons why direct observation data may have revealed different 282 patterns in community composition than chronosequence data (Johnson and Miyanishi 2008) . 283 First, unlike chronosequence data, direct observation data are not confounded by space-for-time 284 substitutions. For example, differences in community composition among fields can 'mask' 285 within-community changes over time in chronosequence datasets (Foster & Tilman 2000; Bonet 286 & Pausas 2004; Walker et al. 2010; Gill et al. 2018) . Second, shorter-term, direct observation 287 data are more likely to detect short-term linear patterns, even if longer-term patterns are non-288 linear. It is likely, for example, that weedy communities shift from annual to perennial 289 dominance over five to ten year timescales, but that these communities then maintain dominance 290 by perennial non-natives indefinitely. While the direct observation approach appeared more 291 controlled and more sensitive to detecting community level changes, the inference it provides to 292 community composition in the future is not as strong as from chronosequence data. It is possible, 293 for example, that patterns observed in the direct observation dataset will be periodically 'reset' 294 by disturbances from pocket gophers, drought, wildfire or human disturbance in ex-arable fields 295 (Kyle et al. 2006; Gill et al. 2018) . In any case, the patterns observed during direct observation 296 are unlikely to be maintained over longer time periods because 1) these directional changes were 14 297 not observed in the chronosequence and 2) plant cover was observed to decline in both field 298 types during direct observation, but plant cover cannot be expected to decline indefinitely. 299 It is surprising that native, late-successional species did not recolonize ex-arable fields 300 (Csecserits et al. 2001; Bonet & Pausas 2004; Meiners 2007) . Ex-arable fields are typically less 301 than 200 m wide allowing native propagule pressure and results were similar in transects that 302 were 5 m and 50 m from tillage boundaries. Ex-arable fields had less ground cover and more 303 variable populations, which should have provided establishment opportunities for many 304 generations of plants (Richardson & Pyšek 2006; Gill et al. 2018 2014). Even the longest-lived native shrubs in the study system, A. tridentata and P. tridentata, 308 have mean ages less than 25 years, and realize recruitment events every 2 to 3 years (Krannitz & 309 Hicks 2000; Barry et al. 2001; Maier et al. 2001; Ziegenhagen & Miller 2009; Schlaepfer et al. 310 2014). Thus, establishment, recruitment and mortality were expected in both the direct 311 observation and chronosequence data in both communities (Dalgleish et al. 2011 ), yet these 312 communities remained distinct for 65 years. 313 Results stand in contrast to many studies demonstrating succession over similar time-314 scales (Foster & Tilman 2000; Csecserits et al. 2001; Bonet & Pausas 2004; Keeley et al. 2006; 315 Meiners 2007; Li et al. 2016 ). It is not clear why succession would be rapid in some systems and 316 not in others (Didham et al. 2005) , though arid and semi-arid systems seem to be more likely to 317 show very slow to no change (Stylinski & Allen 1999; Jackson & Bartolome 2002; Kulmatiski 318 2006; Kachergis et al. 2014) relative to more mesic systems (Rejmanek 1996; Bonet & Pausas 319 2004; MacDougall & Turkington 2005; Sojneková & Chytrý 2015) . It is possible that slow 15 320 succession or alternate-state communities are more likely in more stressful environments with 321 greater facilitation (Flory & Bauer 2014; He & Bertness 2014; Michalet et al. 2014) . 322 Direct observation data provided some insight into the processes through which short-323 lived non-natives may maintain dominance. It is particularly notable that the dominant species in 324 ex-arable fields were resilient from changes in abundance. Perhaps the most dramatic example 325 was that C. diffusa Lam. abundance declined to almost zero following the introduction of a 326 biocontrol agent in 2003, then again become the dominant non-native species in 2014 and 2015. 327 The temporary loss of C. diffusa Lam. was notable, but it was not the only source of variation in 328 species abundances in ex-arable fields; most of the dominant species in ex-arable fields 329 demonstrated large year-to-year changes in abundance. In addition to being resilient from 330 changes in abundance, ex-arable communities were resistant to changes caused by management 331 and wildfire. Active and intensive management failed to shift ex-arable communities toward the 332 composition of never-tilled fields and wildfire had no effect on 'weediness' in ex-arable fields 333 (Fig 4) . Together, these results illustrate that ex-arable plant communities were either resistant to 334 or resilient from large disturbances (i.e., biocontrol addition, native plant restoration efforts or 335 wildfire; Klinger et al. 2017; Monaco et al. 2017) . 336 Previous research at this and other sites suggests that facilitation among non-natives is 337 more likely than agricultural legacies in explaining non-native persistence in ex-arable fields. For 338 example, soil biological and nutrient traits were better associated with plant origin than 339 agricultural history . Once established in 340 disturbed soils, non-native plants have been found to 1) create unique soil microbial communities 341 Stark and Norton 2015) , 2) create soils with low penetration resistance 342 (Kyle et al. 2007; Kyle et al. 2008) , and 3) change water-use patterns in ways that inhibit the 16 343 germination and establishment of native plants (Warren et al. 2015) . In short, non-natives appear 344 to create an environment that facilitates the growth of short-lived species and delays succession. 
